We have identified a polydentate aminocarboxylate ligand that stabilizes uranyl(V) in water. The mononuclear [UO 2 (dpaea)]X, (dpaeaH 2 = Bis(pyridyl-6-methyl-2-carboxylate)-ethylamine; X = CoCp 2 * + or X = K(2.2.2.cryptand) complexes have been isolated from anaerobic organic solution, crystallographically and spectroscopically characterized both in water and organic solution. These complexes disproportionate at pH ≤ 6, but are stable in anaerobic water at pH 7−10 for several days. I n recent years, an increasing number of molecular complexes containing actinides in rare and unstable oxidation states have been isolated by using appropriate supporting ligands, 1 but ligands capable of stabilizing U(V) in water remain an unmet target. Uranyl(V) (UO 2 + ) is reported to have a very limited range of stability in aqueous solution where it disproportionates to the more stable uranyl(VI) and uranium(IV) aqua species.
I
n recent years, an increasing number of molecular complexes containing actinides in rare and unstable oxidation states have been isolated by using appropriate supporting ligands, 1 but ligands capable of stabilizing U(V) in water remain an unmet target. Uranyl(V) (UO 2 + ) is reported to have a very limited range of stability in aqueous solution where it disproportionates to the more stable uranyl(VI) and uranium(IV) aqua species. 2 However, in the past decade the importance of uranyl(V) species in aqueous uranium chemistry associated with environmental, geologic and nuclear technology applications has become increasingly more evident. 1e,3 Notably, there has been an increasing number of reports documenting the occurrence of U(V) during the mineral mediated and microbial reduction of soluble uranyl(VI) species to insoluble U(IV) ones. 3c,d,4 Despite the importance of these processes for the removal from the groundwater of uranium, occurring from mining or disposal of radioactive waste, the role of U(V) remains unclear due the low stability of this species in aqueous media and the lack of appropriate synthetic models.
So far, studies of aqueous uranyl(V) chemistry are limited to the aqua ion at low pH (2−4) produced by electrochemical reduction of the uranyl(VI) analogue in concentrated carbonate solutions that were stable in a narrow pH range (11.7−12) over a period of at least 2 h, but never isolated.
The first example of a uranyl(V) complex that could be reproducibly isolated was prepared in nonaqueous media more than ten years ago. 1f,7 Driven by this report, the chemistry of uranyl(V) in nonprotic media has experienced a significant expansion. 1e,3b,8 Monometallic and polymetallic complexes of uranyl(V) that are stable in organic solvents have been isolated using bulky polydentate supporting ligands. Several of these complexes have shown interesting magnetic properties and reactivity, but none of these complexes is stable in water solution.
3g,9 Hence, in spite of the significant development of uranyl(V) chemistry in the past decade, very little is still known about the chemistry of this species in water. The isolation of a U(V) complex that is stable in water, at environmentally relevant pH, has been a long sought-after goal because it would provide a valuable tool for the study of stability and reactivity of this species in environmental media, but the low charge of the uranyl(V) cation and its tendency to disproportionate renders the formation of stable complexes difficult.
Here we report the synthesis in anaerobic organic solution and the characterization both in organic and water solution of a uranyl(V) complex that shows high stability in anaerobic water. The aminocarboxylate ligand dpaea 2− (dpaeaH 2 = bis(pyridyl-6-methyl-2-carboxylate)-ethylamine) combining the pentadentate binding mode and the ability to form stable complexes with metal cations in water, 10 is revealed to be perfectly suited to stabilize the uranyl(V) cation in anaerobic water in the pH range 7−10. Notably, the pentadentate coordination stabilizes uranyl(V) with respect to disproportionation through electronic and steric effects, 8e while the presence of the carboxylate groups prevents ligand dissociation in water solution.
The (4) were obtained by exposing a solution of 3 in deuterated water to air.
The solid-state structures of the complexes 1, 2, 3 and 4 were determined by X-ray diffraction studies ( Figure 1 and Figures S32−S36). The molecular structure of 1 shows the presence of a uranium(VI) cation heptacoordinated, with a slightly distorted pentagonal bipyramid geometry, by the three nitrogen and two oxygen atoms of the dianionic pentadentate ligand dpaea 2− in the equatorial plane and by two oxo groups in axial position with values of the UO bond distances of 1.75(3) Å.
The arrangement of the ligand is perfectly planar for the complex 1, while the coordination of water in 4 results in a slight deviation from planarity (mean deviation = 0.0894 Å). In the structure of complex 4, the U(VI) is eight-coordinated by the dpaea 2− ligand and one water molecule in the equatorial plane and by two oxo groups in axial position with a mean value of the UO bond distances of 1.778(4) Å similar to those found in 1. The UO bond distance of the bound water molecule is longer (2.572(4) Å) than what found in 7-coordinate uranyl(VI) Schiff base complexes (2.430(5) Å). 11 Interestingly, the OUO bond in 4 deviates significantly from the usually linear arrangement (O1U1O2 = 170.7(2)°) of the UO 2 2+ group probably due to steric repulsion. 12 This deviation is somewhat related to the water binding since a larger angle is found in 1 (O1U1 O1*=176.9(7)°). − anion is very similar in 2 and 3 and shows the presence of a uranium(V) cation heptacoordinated, with a pentagonal bipyramidal geometry, by two trans oxo groups and by the five coplanar O2N3 donor atoms of the dpaea 2− ligand (with a mean deviation of 0.0304 Å). Thus, the dpaea 2− ligand reveals itself to be perfectly adapted to tightly bind the uranyl(V) cation and therefore to stabilize this species in protic solvents. 13 The OUO angle is 177.0(6)°and 176.06(8)°f or 2 and 3 respectively. The UO bond distances in 2 and 3 (1.84(1) Å) are significantly longer compared to 1 and 4, which is in agreement with the presence of a reduced uranium center. These values are analogous to those reported for other crystallographically characterized heptacoordinated uranyl(V) complexes.
8e The infrared spectra of 2 and 3 as KBr pellets show strong bands at 787 and 794 cm −1 respectively, which were assigned to the asymmetric UO ).
1f
Both uranyl(V) complexes were shown, by 1 H NMR spectroscopy, to be stable in nonprotic solvents (pyridine, acetonitrile and DMSO) up to 4 months ( Figures S3 and S7 ). On addition of 1 equiv PyHOTf to 3 in DMSO, an immediate disproportionation reaction was observed as indicated by the complete disappearance of the 1 H NMR signals assigned to 3 and the appearance of the signals assigned to the U(IV) complex [U(dpaea) 2 ], 5 and H 2 O. Single crystals of the poorly soluble [UO 2 (dpaea)] were also isolated from the disproportionation mixture and characterized by XRD. The complex 5 was independently prepared from the reaction of UI 4 and 2 equiv of K 2 dpaea and crystallographically characterized ( Figure  S36 ). These results indicated that the monomeric uranyl (V) complex undergoes disproportionation upon protonation of the uranyl oxo groups as suggested by previous computational studies. 14 However, once isolated the complexes 2 and 3 can be dissolved in water affording yellow and pink solutions, respectively, of uranyl(V) complexes. These complexes are stable, with respect to ligand dissociation and disproportiona- H NMR studies of a 20 mM D 2 O solution of 3 at pH = 6 showed that more than 80% of the complex 3 had undergone disproportionation after 2 days ( Figure S17) .
These experiments indicated that acid-induced disproportionation of the uranyl(V) dpaea complex occurs rapidly in organic solution in the presence of stoichiometric amounts of proton. Moreover, the [UO 2 (dpaea)] − complex is stable toward disproportionation in water solution in the pH range 10−7 for several days. These results demonstrate that uranyl(V) can be stabilized by aminocarboxylate ligands in environmental conditions. Moreover, the protonation studies indicate that protonation is most likely the first step in the disproportionation mechanism of such mononuclear complexes as suggested by DFT studies. The room temperature magnetic moment of 3 was determined both in pyridine (μ eff = 2.1 μ B ) and D 2 O (μ eff = 2.2 μ B ) solutions at pH = 10 by 1 H NMR spectroscopy using the Evans method. 15 The measured value is consistent with the presence of one 5f 1 uranyl(V) center and is the same in both solvents confirming the stability of 3 in water solution ( Figures  S25 and S26 ). X-Band EPR spectra of 3 were recorded both in solid state and in D 2 O solution (25 mM) at 10 K. In both cases, the spectra could be fitted with a rhombic set of g values: g 1 = 3.04; g 2 = 1.08; g 3 < 0.6 for solid state and g 1 = 2.59; g 2 = 1.21; g 3 < 0.6 for the D 2 O solution ( Figures S30 and S31 ). The measured EPR data confirm the presence of uranyl(V) species in water solution.
Cyclic voltammetry studies of complex 3 were carried out both in pyridine and H 2 O solutions, but studies of 1 were prevented by its low solubility. The cyclic voltammetry data measured for 3 in pyridine solution (Figure 2) showed the presence of two reversible redox events at E 1/2 = −1.25 V and at E 1/2 = −2.65 V that were assigned to the U(VI)/U(V) and U(V)/U(IV) couples respectively (no redox event is observed in the voltammogram of K 2 dpaea). The measured redox potential for the U(VI)/U(V) couple falls in the range (−0.93 − +1.82 V) of those reported for other uranyl(V) complexes in organic media. 8d,f,16 The voltammogram measured in 0.02 M HEPES buffered water solutions (pH = 7) at a glassy carbon working electrode shows a significant shift of the U(VI)/U(V) redox potentials with the U(V)/U(VI) oxidation event found at E = −0.16−0.00 V vs Ag/AgCl, and the U(VI)/U(V) reduction at E = −1.56 to −1.65 V vs Ag/AgCl depending on the scan speed. These values are very similar to those previously reported for the uranyl(V)-carbonato complex ([UO 2 (CO 3 ) 3 ] 5− ) in Na 2 CO 3 at pH = 12 and a glassy carbon electrode (oxidation peak at 0−0.25 V and reduction peak at −1.5 to −1.7 V).
6a,d The U(V)/U(IV) redox event is not observable in water solution.
Similar to what was reported for the uranyl(V)−carbonate complex the U(VI)/U(V) couple is electrochemically irreversible in water solution. The different electrochemical behavior of the U(VI)/U(V) couple in water compared to pyridine suggests that its irreversibility in water could be related to water binding and/or proton exchange reactions.
In conclusion, we have identified a polydentate ligand that allows the stabilization of uranyl(V) in water solution in the pH range 7−10 and we have isolated and fully characterized the first uranyl(V) complex that is stable in water at neutral pH. At lower pH values, the complex is protonated and readily disproportionates affording U(IV) and uranyl(VI) species. These studies indicate that uranyl(V) can be stabilized in water solution in the presence of polycarboxylate ligands and that its presence in the environment is not necessarily limited to concentrated carbonate solutions. The isolation of such a stable system provides a valuable tool for investigating the mechanism of biotic and abiotic reduction of uranyl species in the environmental conditions. ■ ASSOCIATED CONTENT
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